Tissue and organ distribution of radioactive carbon from 14C-labeled arginine in the mouse was studied by whole-body autoradiography and biochemical analysis. The mice injected intravenously with L-[U-14Clarginine were sacrificed at various intervals. Examination of autoradiographs disclosed that the injected 14C-arginine was rapidly taken up from the blood by the organs . The radioactivity in the pancreas was the highest throughout the intervals after injection in this investigation. The general pattern of the autoradiographs obtained after injection of radioactive arginine had a resemblance to those reported about other amino acids.
The comparative values among radioactivity in various organs estimated by a liquid scintillation counter were consistent with those obtained from whole-body autoradiographs. Radioactivity in the acid-insoluble fractions was increased with time in all organs examined. High-performance liquid chromatography of the acid-soluble fractions disclosed that several radioactive substances were detected in the examined organs soon after injection and that the amounts of the radioactive arginine and its metabolites and/or their molar ratios were different among the organs.
Arginine is distributed in tissues and body fluids in a free form and incorporated into protein molecules. Apart from its role in protein synthesis, arginine is a precursor of urea, creatine and other guanidine derivatives (2, 22) . After the discovery of the urea cycle and the gradual elucidation of the enzymatic pathways in liver, kidney and in a variety of other organs for the synthesis of arginine (22) , it has generally been assumed that arginine is dispensable in adult mammals because within the urea cycle they can make arginine (23) . The distribution and metabolic fates of arginine have been extensively studied, but not satisfactorily in the whole body. The fate of the circulating arginine remains unknown. In the meantime, whole-body autoradiography, first developed by Ullberg (27) , has been used for investigation of the distributions of hexoses (14, 25) and hexosamines (10, 11) in mice in our laboratory. In addition, using different post-injection times, the change in distribution with time can be followed. The distributions of methionine (1), glutamine (3), tryptophan (8) , tyrosine (9) and other amino acids (12, 16) 
RESULTS
Whole-body autoradiography. After intravenous injection, the radioactive carbon from 14C-arginine was rapidly taken up from the blood by the tissues. Five min after injection, the highest radioactivity was observed in the pancreas, followed by the nasal mucosa, submandibular gland, small intestine, stomach (glandular part) and large intestine in decreasing order (Fig. la) . All of the examined organs except the brain (cerebral cortex), lung and testis had higher radioactivity than the blood. The radioactivity in the organs except for the pancreas, sublingual gland and bone marrow was extensively reduced by perchloric acid treatment of sections (Fig. lb) . Thirty min after injection, the accumulation in the pancreas dominated the picture ( Untreated whole-body autoradiograph at 60 min after intravenous injection of 14C-arginine.
2a). The brain, small and large intestines, skin, bone marrow and testis showed an increasing radioactivity from 5 min to 30 min after injection, while the radioactivity decreased in the blood, submandibular gland and myocardium. At this time the radioactivity in many organs was more or less reduced by the acid treatment while that in the pancreas, gastrointestine, sublingual gland, bone marrow, spleen and preputial gland was almost retained (Fig. 2b) . Sixty min after injection, the highest radioactivity was observed in the pancreas (Fig. 3) . From 30 min to 60 min after injection, the radioactivity increased in the brain, sublingual gland, thymus and spleen, while it decreased in the skeletal muscle and kidney. The radioactivity in the organs except for the submandibular gland, liver and skeletal muscle was retained by the acid Untreated whole-body autoradiograph at 180 min after intravenous injection of 14C-arginine.
treatment. The radioactivity in many organs showed a slight decrease from 60 min to 180 min after injection when that in the pancreas, submandibular gland , kidney and skeletal muscle decreased to a great extent. The highest level of the radioactivity was observed in the pancreas and small intestine at 180 min after injection (Fig. 4) . At this time the radioactivity in the organs of the treated autoradiographs was almost identical with that of the untreated autoradiographs. Fractionation of organs. Organ samples obtained from the mice given 14C-arginine injection were fractionated into the acid-soluble, acid-insoluble and lipid fractions. Table 1 shows the total radioactivity of the organs at the examined intervals after injection. One min after injection, the radioactivity in the pancreas was the highest and TABLE 2 Incorporation rate of radioactivity into the acid-insoluble fractions of organs. The values represent per cent of the radioactivity in the acid-insoluble fraction to the total radioactivity of each organ.
four times that in the blood. The radioactivity in the brain, thymus, skeletal muscle, spleen and testis was lower than that in the blood. Ten min after injection, the radioactivity in all the organs examined was higher than that in the blood. Thirty min after injection, the radioactivity in the pancreas was about 26 times that in the blood. During the intervals tested, the radioactivity in the blood, myocardium, stomach and kidney decreased with time, while that in the pancreas increased. Table  2 shows the incorporation rate into the acid-insoluble substances in the organs at the intervals after injection. The rate was more or less different among the organs. The rate in the pancreas was 56% already at 5 min after injection. The rate increased with time in the organs. Thirty min after injection, the rate in the pancreas was about 90% while that in the skeletal muscle was only 14%. Radioactivity in the lipid fractions of the organs at any examined interval after injection did not exceed 1% of their total radioactivity. HPLC. Figure 5 shows the chromatograms by the HPLC separation of the acidsoluble fractions. As shown in Fig. 5a , the blood had the radioactivity for urea, guanidinosuccinic acid and arginine at 1 min after injection. The radioactivity was also observed in the fractions corresponding to argininosuccinate and ornithine. The amounts of these radioactive substances decreased with time. These radioactive substances were detected in the liver, salivary gland, stomach and large intestine at after injection (Figs. 5b-e), although the molar ratios of the radioactive substances were different among the organs. The radioactive arginine was not detected in the stomach at 5 min after injection. In the large intestine, the relative amount of radioactive urea was smaller than that in the organs examined. The small intestine had the radioactivity for guanidinoacetic acid in addition to that for the substances stated above at 1 min after injection (Fig. 5f ). This organ had the radioactivity for urea, citrulline and guanidinosuccinic acid at 30 min after injection. The kidney had the principal peaks of the radioactivity corresponding to urea, guanidinosuccinic acid, creatine and arginine at 1 min after injection (Fig. 5g) . At 30 min after injection, the radioactivity was observed almost only in the fraction corresponding to urea. The pancreas had the the radioactivity for urea, creatine, guanidinoacetic acid and arginine at 1 min after injection (Fig. 5h) . The radioactivity for guanidinosuccinic acid appeared at 5 min after injection. The significant radioactivity for spermine, spermidine (17 min of the retention time) and creatinine (21 min of the retention time) was not detected in any of the organs at any intervals after injection. other amino acids reported (3, 8, 9) . The findings on the brain and testis at an early time after injection indicate that it is difficult for arginine to be incorporated into these organs and may reflect the concepts of the blood-brain barrier (18) and the blood-testis barrier (5) . The advantages of the treated autoradiographs for estimating the radioactivity in the acid-insoluble substances in the organs have been discussed previously (8) . In this case, radioactive acid-insoluble substances are thought to be responsible for proteins. In general, the highest uptake of injected amino acids takes place in organs with a rapid protein synthesis such as the pancreas, gastrointestinal mucosa, bone marrow and lymphatic tissues (12) . The findings at 5 min after injection, as shown in Figs. 1 a  and b , indicate that a rapid protein synthesis occurs in the pancreas, sublingual gland and bone marrow. The finding at 180 min after injection indicates that most of the radioactive substances remained as proteins in the organs at this time. This finding that the pancreas had the highest radioactivity during the intervals tested is consistent with other reports about glutamine (3), tryptophan (8) and tyrosine (9) , and different from those about methionine (1) and aspartic acid (16) . This may imply the differences of the pool size of amino acids and/or the requirement for protein synthesis in the pancreas. In this investigation, most of the radioactivity in the pancreas may be responsible for that in the exocrine part of this organ, as several investigators (3, 12) reported that there was a high concentration of radioactivity in the exocrine part of this organ but little or no radioactivity in the islands of Langerhans. The general pattern of the autoradiographs obtained after injection of radioactive arginine had a resemblance to those reported about tryptophan (8) and other amino acids (9, 12, 16) , and was different from those about hexoses (14, 25) and hexosamines (10, 11) .
The mice were sacrificed soon after injection of radioactive metabolites in the acid-soluble fractions by means of biochemical experiments, as Rogers et al. (24) estimated the circulating half-life of arginine in the rat to be 3-6 min. With regard to the radioactivity in the organs at 5 min and 30 min after injection, the results shown in Table 1 are approximately consistent with those obtained by whole-body autoradiography stated above. The findings that the radioactivity in the blood and kidney decreased with time are coincident with those about tryptophan (8) and tyrosine (9) and indicate that the radioactive substances in the blood are rapidly taken up by the tissues and/or excreted in the urine.
The values shown in Table 2 were lower than those estimated by whole-body autoradiography. This discrepancy seems to depend upon the two different methods as discussed in a previous report (8) . A rapid increase of the incorporation rate in the blood from 10 min to 30 min after injection may be attributed to the supply of the blood proteins produced in the liver. The values of the skeletal muscle in Table 2 indicate that most of the radioactive substances remain as acid-soluble forms in this organ, and imply that the rate of protein synthesis in this organ is low or that arginine and its metabolites are difficult to be excreted from this organ.
HPLC has been used for the analysis of arginine and its metabolites (15, 19, 20) . The HPLC examination of the acid-soluble substances demonstrated that the distribution of radioactive acid-soluble substances depend on the organs and the intervals after injection. These findings perhaps reflect the different levels of the enzymes participating in the metabolism of arginine by the organs. (13, 22) . That the radioactivity for guanidinoacetic acid was observed in the kidney, pancreas and small intestine supports that the enzyme catalyzing the formation of guanidinoacetic acid from arginine is present only in the kidney and pancreas of rats (7), and implies the possibility that the enzyme is also present in the small intestine of mice. The results by HPLC showed that urea and guanidinosuccinic acid were the principal metabolites in the organs examined. Guanidinosuccinic acid, has been detected in the liver of uremia rats (21) and in the liver and kidney of normal rats (19, 20) , is formed from transamidination of arginine to aspartic acid (20) . On the other hand, the interorgan flow of arginine is an important issue in relation to the urea cycle and critical nature of the extrahepatic economy (4) . The high concentration of arginase in the liver prevents the release of arginine into general circulation (17) . Arginine synthesis from citrulline occurs in vivo in the kidney (6) , which has a lower concentration of arginase than the liver (22) . The kidney itself cannot form citrulline due to a lack of ornithine carbomoyltransferase (7, 13) . Citrulline is primarily produced in the small intestine (13, 28) , and supplied by this organ (13) . As stated above, the organ interrelation of arginine metabolism has been discussed, but involves many problems to be solved. Investigations by whole-body autoradiography and biochemical analysis, as described in this report, after administration of radioactive substances such as ornithine and citrulline may be useful for resolving them.
